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Jewel Cave National Monument and Wind Cave National Park in South Dakota contain two of the 
six longest caves worldwide. These caves contain subterranean lakes that are important points of 
intersection between the water table of the Madison aquifer and the caves. During 2015 to 2017, 
several subterranean lakes were discovered in Jewel Cave, which previously was thought to be above 
the regional water table. The objectives of this study were to better understand the hydrology of the 
recently discovered subterranean lakes in Jewel Cave and to evaluate their relation or possible 
connection to similar lakes in Wind Cave. Both objectives align with National Park Service resource 
management purposes. Multivariate analysis, consisting of principal component analysis (PCA), 
cluster analysis, and end member mixing, was applied to hydrochemical data for 70 sites within and 
surrounding Jewel Cave and Wind Cave. Hydrochemical data consisted of the contents of major ions 
(Ca, Mg, Na, HCO3, Cl, Si, SO4), arsenic (As), strontium (Sr), uranium (U), stable isotopes of 
oxygen and hydrogen (δ18O, δ2H), radiogenic isotope ratios of strontium and uranium (87Sr/86Sr and 
234U/238U), pH, and electrical conductivity (EC) in water samples. Five hydrogeologic domains were 
classified on the basis of PCA and cluster analysis for the area encompassing Jewel Cave and Wind 
Cave in the southern Black Hills. The Artesian 1 and Artesian 2 domains represent primarily artesian 
springs and surrounding groundwater, the East and West domains represent areas where Madison and 
Minnelusa aquifer rocks are at or near the land surface, and the Precambrian domain represents the 
Precambrian aquifer. Multivariate analysis indicates that the Jewel Cave area is part of the West 
domain and that Wind Cave is part of the East domain. End member mixing was applied to estimate 
that groundwater in the Jewel Cave area primarily was derived from the West domain and 
secondarily from the Precambrian domain. Jewel Cave and Wind Cave contain lakes that are well 
connected to regional groundwater flow in the Madison aquifer.  
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Jewel Cave National Monument and Wind Cave National Park contain two of the six longest caves 
worldwide (http://www.caverbob.com/home.htm), and because of numerous unique natural features, 
these lands were established to protect the caves (Figure 1). The National Park Service (NPS) 
manages both units to protect water-dependent biota and the natural water level fluctuations that 
support cave feature formation. In 2006, the NPS became aware of an application to withdraw 
groundwater near Wind Cave and began working toward protecting groundwater levels within the 
cave from withdrawals for rural water supply purposes. Wind Cave was formed within the Pahasapa 
Formation (regionally the Madison Limestone), which contains the regionally extensive Madison 
aquifer. In the southern Black Hills, groundwater in the Madison aquifer flows radially outward and 
then to the southeast (Figure 1). Wind Cave contains subterranean lakes that are considered by NPS 
to be unique and valuable natural resources. Much of the landscape and geomorphology surrounding 
Jewel and Wind Caves is characterized as a carbonate karst environment, with sinking streams and 
fast connections between surface water and groundwater, resulting in high vulnerability of 
groundwater to contamination. 
Calcite Lake and Windy City Lake are two subterranean lakes in Wind Cave that merged into one 
lake sometime during 1999 or 2000 when their levels rose (Long and others, 2012). The merged lake 
commonly is referred to as Calcite Lake, but the name Windy City Lake is used in this report to be 
consistent with the USGS gauge (433302103281501) that was established for Windy City Lake. NPS 
continued to monitor levels for the merged lake after the USGS discontinued monitoring in 1999. 
Windy City Lake rises and declines concurrently with levels in nearby groundwater monitoring well 
Md7-11 that is open to the Madison aquifer (Long and others, 2012). The lake’s surface is at an 
altitude similar to the estimated potentiometric surface altitude of this aquifer. These characteristics 
strongly suggest that the lake represents the aquifer’s water table. As water levels in Windy City 
Lake and well Md7-11 increased in 1996 to the highest levels on record for that time, a new 
subterranean lake formed (What the Hell Lake), with a surface altitude also near the altitude of the 
potentiometric surface (Long and others, 2012). Fractures are prominent in the Madison aquifer 
(Palmer and Palmer, 1989), and it is likely that the rising groundwater levels flooded into a 
previously dry cave passage through fractures and other openings to form What the Hell Lake. Many 
other water bodies are present in the cave as well. 
Until 2015, Jewel Cave was not known to contain subterranean lakes. Since then, several lakes, 
including Hourglass Lake, were discovered as cave explorers pushed into farther reaches of the cave. 
The similarity of altitudes of some of the subterranean lakes in Jewel Cave to the surrounding 
potentiometric surface suggests that these lakes represent groundwater in the regional aquifer, 
similarly to Windy City Lake. Therefore, Jewel Cave and Wind Cave likely contain lakes that are 
fully integrated with the regional flow system of the Madison aquifer, which means that regional 
groundwater can flow into and out of many of these lakes. The objectives of this study were to better 
understand the hydrology of the recently discovered lakes in Jewel Cave and how they may be 
related or connected to lakes in Wind Cave. The resulting increase in hydrologic understanding is 









Jewel Cave and Wind Cave are located in the southern part of the Black Hills of western South 
Dakota and eastern Wyoming (Figure 1). Hydrogeologic units are described in Table 1. Numerous 
hydrochemical groundwater and cave studies for the Black Hills include Back and others (1983), 
Bakalowicz and others (1987), Alexander and Davis (1989), Palmer and Palmer (1989), Plummer 
and others (1990), Ford and others (1993), Naus and others (2001), Heakin (2004), Back (2011), 
Long and others (2012), and Palmer and others (2016). Prior to the discovery of the lakes in Jewel 
Cave, Long and Valder (2011) evaluated regional hydrogeologic domains in relation to Wind Cave 
and the groundwater mixing of different sources of water. Much of the analysis described herein is a 
reanalysis of that described by Long and Valder (2011), except that water samples from within and 
surrounding Jewel Cave are included. The study by Long and Valder (2011) is referred to frequently 
in this report and, therefore, is abbreviated as WICA2011.  
Table 1. Description of hydrogeologic units. Summarized from Strobel and others (1999) and Redden and 
DeWitt (2008). 
Abbreviation 
Aquifer name or 
general description 
Formation name or  
hydrogeologic description Geologic age 
QT Unconsolidated 
aquifers 
Alluvium, colluvium, gravel, claystone, poorly 
indurated sandstone, conglomerate. 
Quaternary, 
Tertiary 
KJ Aquifers and confining 
units 
Undifferentiated shale, limestone, sandstone, 
conglomerate, siltstone, claystone, gypsum. 
Cretaceous, 
Jurassic 
TP Aquifers and confining 
units 
Spearfish Formation (shale with interbedded 
sandstone, siltstone, and gypsum), Minnekahta 
Limestone, Opeche Shale. 
Triassic, Permian 
PPm Minnelusa aquifer Minnesula Formation (interbedded sandstone, 
limestone, dolostone, and shale) 
Permian, 
Pennsylvanian 
MDme Madison aquifer Madison (Pahasapa) and Englewood Limestones 
– also contains dolostone 
Mississippian, 
Devonian 
OCPC Precambrain and 
Deadwood aquifers 
Deadwood Formation (glauconitic sandstone, 
shale, siltstone, and conglomerate), Precambrian 
rocks (fractured metamorphosed quartzite and 






WICA2011 described multivariate analysis of hydrochemical data for 60 sites within and 
surrounding Wind Cave. These analyses consisted of principal component analysis, cluster analysis, 
and end member mixing, examples of which were described by Fritz and others (1976), 
Christophersen and Hooper (1992), Laaksoharju and others (1999), Suk and Lee (1999), Davis 
(2002), Carrera and others (2004), and Valder and others (2012). Additional data for 10 sites in the 
Jewel Cave area for samples collected in 2016 were combined with the WICA2011 data to 
characterize the hydrologic relation between Jewel Cave and Wind Cave. The analysis described 
herein is a repeat of the analysis described in WICA2011, except that all 70 sites for the Jewel Cave 




and uranium isotope data for both areas that previously were unavailable, and that have been used 
elsewhere as natural tracers of water sources and mixing (Paces and Wurster, 2014). Details, 
background, and assumptions for multivariate analyses applied in this study are described in 





For the 70 sites (60 previously sampled and 10 new; Appendix Table 6), hydrochemical data 
consisted of 12 variables: major ions (Ca, Mg, Na, Cl, Si, SO4), alkalinity, arsenic (As), stable 
isotopes of oxygen and hydrogen (δ18O, δ2H), pH, and electrical conductivity (EC) measured in water 
samples. Table 2 lists new data that were not available for WICA2011 and were obtained from the 
National Water Information System (NWIS; https://doi.org/10.5066/F7P55KJN). Additional 
background information, including laboratory analytical methods, quality-control samples, and 
averaging of multiple samples at selected sites was described in WICA2011. 
Total strontium (Sr) and uranium (U) concentrations and their radiogenic isotope ratios (87Sr/86Sr 
atomic ratios and 234U/238U activity ratios) were analyzed for 27 of the WICA2011 sites in a related 
study (Paces and others, 2013), as well as the 10 new sites for the Jewel Cave area (Table 3). These 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Principal Component Analysis (PCA) and Cluster Analysis 
WICA2011 classified five hydrogeologic domains on the basis of PCA and cluster analysis for the 
area encompassing Jewel Cave and Wind Cave in the southern Black Hills. Additionally, the 
domains could be described physiographically. The clusters were interpreted to be representative of 
five hydrogeologic domains, which were named as the East, West, Artesian 1, Artesian 2, and 
Precambrian domains.  
Analysis with 70 sites and 12 variables 
PCA and cluster analysis were applied to the 70 sites in the identical manner and with the same 12 
variables that were applied in WICA2011. That report describes the details of the procedure, which 
are not repeated herein. The complete matrix of input values is given in the Appendix (Table 7). As 
in WICA2011, five clusters were specified for the cluster analysis of 70 sites, and with few 
exceptions, the original 60 sites were placed (by cluster analysis) in the same clusters as in 
WICA2011. The distribution of sites in the two-dimensional space of principal components 1 and 2 
(PC1 and PC2) shows the five clusters (Figure 2).  
 
Figure 2. Scatter plot of score values for principal components 1 and 2 for 70 sites and 12 variables. 




Nine of the ten Jewel Cave area sites were placed in the West cluster. Prairie Dog Spring (site 
PDGsp) was the only Jewel Cave area site that was not included in the West cluster, resulting from 
its unusually high concentrations of Mg, Na, Cl, and EC (Table 2). These variables were 2.5, 16.5, 
32.5, and 2.8 times higher, respectively, than the averages for the other nine sites in the Jewel Cave 
area. Site PDGsp is located about 400 feet from U.S. Highway 16 in a small draw that drains away 
from the highway. Magnesium chloride (MgCl2) and sodium chloride (NaCl) salts were applied to 
the highway during the winter prior to sampling (South Dakota Department of Transportation, 2016). 
Therefore, the unusual composition for PDGsp is attributed to road-salt contamination. 
The separation of clusters along the PC axes is similar to WICA2011, where PC1 distinctly separates 
the Artesian clusters from the other three, and PC2 separates the Artesian 1 and 2 clusters from each 
other and also separates the East, West, and Precambrian clusters from each other, with partial 
overlap along this axis (Figure 2). In two-dimensional space (PC1 and PC2), the clusters are 
separated into five distinct regions, with little overlap. Combined, PC1 and PC2 explain 61 percent of 
the total variance of the dataset.  
The two-dimensional space of PC1 and PC3 separates the clusters similarly, except there is more 
overlap for the East, West, and Precambrian clusters (Figure 3). Combined, PC1, PC2, and PC3 
explain 74 percent of the total variance of the dataset. For the West cluster, the Jewel Cave area sites 
generally have the highest values on PC3, which indicates that PC3 represents hydrochemically 
distinct characteristics for the Jewel Cave area. Jewel Cave sites occupy a focused area in the two-
dimensional space of PC1-PC3, unlike their wider scatter in PC1-PC2 space (compare Figure 2 and 
Figure 3). This result is interpreted to be further evidence that PC3 represents a unique characteristic 
of the Jewel Cave area. A cluster analysis using 6 clusters also was tested because of the possibility 
that the Jewel Cave area would form a separate sixth cluster; however, this analysis distributed the 
Jewel Cave area sites into multiple clusters and, overall, formed clusters that were not consistent with 
those obtained in WICA2011. Therefore, we consider the 6-cluster analysis to lack physical meaning 
and is not considered further. 
Categorizing sites into clusters by cluster analysis was purely mathematical and was the primary 
guide in the final categorization into hydrogeologic domains (Figure 4). The cluster analysis (Figure 
2, Figure 3) is consistent with the hydrogeologic domain classification, except for sites PDGsp, 
BEVcr, and HIGHcr. The probable contamination at site PDGsp was further evaluated by executing 
the PCA and cluster analysis again, except that the four variables affected by road salt (Mg, Na, Cl, 
and EC) were excluded. The result was that most of the sites (93%) were placed in the same clusters 
as previously, and all ten of the Jewel Cave area sites, including site PDGsp, were placed in the West 
cluster. Therefore, we classified site PDGsp in the West domain. The cluster analysis of 70 sites and 
12 variables placed sites BEVcr and HIGHcr in the East cluster, as shown on Figure 2; however, we 






Figure 3. Scatter plot of score values for principal components 1 and 3 for 70 sites and 12 variables. 
Jewel Cave area sites are labeled in bold. 
The hydrogeologic domains are spatially distributed into different physiographic regions consistent 
with WICA2011 (Figure 4). The East and West domains represent areas where the Madison and 
Minnelusa aquifer rocks are at or near the land surface and are located on the eastern and western 
sides of the Black Hills, respectively. The West domain is the most spatially extensive of the five 
domains, and the East and West domains generally are divided near the southern boundary of Wind 
Cave National Park. The Artesian 1 domain consists of artesian springs near the Fall River and 
proximal groundwater wells. The Artesian 2 domain consists of artesian springs farther from the Fall 
River, with an average water temperature about 7 degrees Celsius lower than that of the Artesian 1 
domain (WICA2011). This might be the result of a deeper groundwater source or geothermal heating 
for the Artesian 1 domain. The Precambrian domain represents the Precambrian aquifer. Multivariate 
analyses distinguish the hydrochemistry of Jewel Cave from that of Wind Cave and indicate that both 
caves have compositions similar to the surrounding groundwater in each respective area.  
Similarly to the case in Wind Cave, the subterranean lakes in Jewel Cave likely are connected 
hydraulically to regional groundwater flow in the Madison aquifer. Apparent groundwater flow 
directions (Long and others, 2012) indicate that groundwater is unlikely to flow directly from Jewel 
Cave to Wind Cave; it is more likely that groundwater flows from Jewel Cave toward the south and 
then east, passing miles south of Wind Cave (Figure 1). This interpretation is consistent with the 
finding that the division between the East and West domains is located to the south of Wind Cave. 
However, the two caves are hydraulically connected through the transfer of hydraulic head, because 









Analysis of 33 sites and 15 variables 
Principal component and cluster analyses were applied to the 33 sites for which strontium and 
uranium data were available. Both the 87Sr/86Sr atomic and 234U/238U activity ratios, as well as total U 
concentration were added to the previous 12 variables, for a total of 15 variables. Sr concentration 
was not included because data were not available for three of the sites (Table 3). The matrix of input 
values are in the Appendix (Table 8). Initially, five clusters were specified for the 33 sites; however, 
this resulted in clusters that were not consistent with the previous analysis of 70 sites, possibly 
because the number of sites was not large enough for meaningful separation into five clusters. A 
cluster analysis that considered four clusters resulted in clustering that was similar to results using 70 
sites. In this case, Artesian 1 and 2 clusters were combined into a single Artesian cluster (Figure 5). 
This result is consistent with a four-cluster analysis described in WICA2011, where cluster analyses 
of two, three, four, five, and six clusters were tested. As for both the current analysis using 70 sites 
and for the WICA2011 analysis, the current analysis using 33 sites showed that PC1 separated the 
Artesian clusters from the other three clusters, and PC2 separated the Precambrian cluster from the 
East and West clusters. In two dimensional space (PC1-PC2) the four clusters are distinctly separated 
with little overlap (Figure 5). Combined, PC1 and PC2 explain 57 percent of the total variance of the 
dataset.  
Sites BEVcr and HIGHcr are streams that sink into the Madison aquifer (Hortnes and Driscoll, 
1998). In the analysis of 70 sites, these two sites were placed in the East cluster, whereas, in the 
analysis of 33 sites (Sr and U data included), the sites were placed in the Precambrian cluster (Figure 
5). Highly radiogenic 87Sr/86Sr values for sites BEVcr and HIGHcr (>0.735) are diagnostic of the 
interaction of water with Precambrian crystalline rocks. The two sites have 87Sr/86Sr values similar to 
those for groundwater discharging at sites RGPsp and SLsp (Figure 6A), which consistently were 
placed in the Precambrian cluster in the WICA2011 analyses. Therefore, Sr and U data influenced 
results of the PCA and cluster analysis to the degree that sites BEVcr and HIGHcr were placed in the 
Precambrian cluster rather than the East cluster. This result is reasonable because both streams drain 
Precambrian rocks, and further, these sites plot close to the Precambrian cluster in the analysis of 70 
sites (Figure 2). Sites BEVcr and HIGHcr, therefore, were categorized into the Precambrian domain. 
Similarly to the analysis of 70 sites and 12 variables, site PDGsp was included in the Artesian cluster 
(Figure 5) because of road salt contamination. However, 87Sr/86Sr values are not affected by road salt, 
and the site plots well within the range of the West domain sites on Figure 6B, further evidence that 
the site belongs in the West domain (Figure 4). Site WITsp was included in the West cluster in the 
analysis of 70 sites (Figure 2) and in the East cluster in the analysis of 33 sites (Figure 5). The final 
classification for site WITsp is with the West domain because it plots within the narrow range of 
87Sr/86Sr values spanned by West domain sites (Figure 6B) and is located within the spatial extent of 





Figure 5. Scatter plot of score values for principal components 1 and 2 for 33 sites and 15 variables. 





Figure 6. Bivariate plots of strontium and uranium isotope ratios showing (A) all samples and (B) samples 




The grouping of sites in Figure 6B generally is consistent with the cluster analysis of 33 sites (Figure 
5). However, the separation of clusters mostly occurs along the 87Sr/86Sr axis, whereas, 234U/238U 
values do not distinguish the hydrogeologic domains (Figure 6). The Artesian 1 and 2 domains are 
clearly separated by 87Sr/86Sr, and the West domain is within a narrow and unique range of 87Sr/86Sr, 
with the exception of Cold Brook spring (CBsp; Figure 6B). Although CBsp was placed in the 
Artesian 2 cluster in all cluster analyses (Figure 2, Figure 3, Figure 5), the site plotted within the 
same 87Sr/86Sr range as the West domain sites and is separated from other Artesian 2 sites. 
Radiogenic isotopes do not distinguish the Artesian 1 and East domains, suggesting aquifer sources 
with similar Sr compositions or similar contributions from the Precambrian domain having much 
higher 87Sr/86Sr values.  
Different chemical constituents used in this study have different properties for use as groundwater 
tracers. Using many constituents in combination adds value to the analyses. For example, the general 
consistency of the grouping of 87Sr/86Sr data shown on Figure 6B with multivariate analyses indicates 
the added value of 87Sr/86Sr data to understanding the hydrogeology of the study area. Exceptions to 
this consistency highlight the value of analyzing numerous hydrochemical constituents in 
combination. Stable isotopes (δ2H and δ18O) and Cl are conservative tracers in saturated 
groundwater, in that contact of groundwater with aquifer rock has little or no effect on these 
constituents (WICA2011). All other variables used in this analysis may be affected by mineral 
precipitation and dissolution, adsorption and desorption, and cation exchange. In many studies, the 
benefit of radiogenic isotopes as indicators of water type is that ratios of the heavy isotopes are 
negligibly affected by evaporation and transpiration in near-surface environments that can cause 
large changes in solute concentrations and the composition of light stable isotopes (i.e., δ2H and 
δ18O; Paces and Wurster, 2014). Samples analyzed in this study, however, represent groundwater 
below the soil and root zone that is mostly unaffected by evaporation and transpiration or stream 





End Member Mixing 
This analysis assumes that each hydrogeologic domain primarily receives inflow from a water source 
that can be represented by a unique hydrochemical composition, which is referred to as an “end 
member.” Therefore, five end members were applied and were assumed to be mixed to varying 
degrees in the aquifer. The sources of the end members might originate within or outside of the study 
area, and we did not assume that any of the samples represent end members. The analysis allowed for 
all samples to be a mixture of multiple end members. Because the exact sources of water and the end 
member compositions were not known, these compositions had to be estimated, as described in 
WICA2011 and Valder and others (2012). 
End member mixing was applied to 69 of the 70 sites in the identical manner and with the same 12 
variables that were described in WICA2011. Site PDGsp was omitted from the analysis because of 
likely road salt contamination. The matrix of input values is given in the Appendix (Table 7). Most 
sites were assumed to be a possible mixture of all five end members; this assumption allowed for 
each hydrogeologic domain to be primarily influenced by a corresponding end member. As in 
WICA2011, we assumed that the three cave drip sites could not be influenced by the Artesian 1 and 2 
end members. Most of the sites represented a mixture of multiple end members, and the average end 
member contribution for each hydrogeologic domain is shown in Table 4. For all hydrogeologic 
domains, except the East domain, the highest contribution was from its corresponding end member. 
The largest contribution to the East domain was from the Precambrian end member and secondarily 
from the East end member. This result is reasonable because a large source of recharge to the East 
domain is from sinking streams that drain Precambrian rocks (sites BEVcr and HIGHcr), and the 
largest contribution to these sites was from the Precambrian end member (Table 5). On the basis of 
the cluster analysis of 33 sites that included the added value of additional variables (Figure 5), the 
grouping of sites on Figure 6A, and results of end member mixing (Table 5), sites BEVcr and 
HIGHcr were reclassified from the East domain (WICA2011) into the Precambrian domain (Figure 
4). 
Table 4. Average end member mixing percentages by hydrogeologic domain. 
Hydrogeologic 
domain 




EM East EM West EM 
Precambrian 
EM 
Artesian 1 61* 5 7 16 11 
Artesian 2 18 56* 8 11 8 
East 2 3 32 22 39* 
West 10 10 18 36* 26 
Precambrian 0 1 6 4 88* 




The largest contribution to sites within the Jewel Cave area was dominantly from the West end 
member (Table 5). For sites within Wind Cave, the Precambrian end member was the primary 
contributor, and the East end member was the secondary contributor, which is consistent with results 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Discussion and Limitations 
Overall, results are consistent with those of WICA2011 and do not change any major conclusions of 
that study. With few exceptions, sites were classified into the same hydrogeologic domains as in the 
previous study. The two main exceptions were for sites BEVcr and HIGHcr, which were reclassified 
from the East domain into the Precambrain domain (Table 6). The largest contributing end member 
for most sites is consistent with WICA2011. 
The mixing percentages estimated in this report are useful for furthering the understanding of 
groundwater flow and the mixing characteristics of different aquifers and different zones within 
aquifers. End member mixing confirms that cluster analysis, in combination with PCA, was effective 
in identifying different hydrogeologic domains because results were mutually consistent between 
methods. However, the accuracy of end member mixing is dependent on many simplifying 
assumptions that introduce error. One assumption was that all samples were a possible mixture of 
five different sources of groundwater, or end members. In a general sense, each end member 
represented one of the five hydrogeologic domains. Another limitation and source of error is that the 
hydrochemical composition of end members is unknown and must be estimated. An end member 
composition could differ from all samples in that domain and might represent regional flow from 
outside of the study area. Although we assumed all samples were a mixture of only five end 
members, the samples might be mixed from a much larger number of end members. Finally, mineral 
precipitation and dissolution, adsorption and desorption, and cation exchange occurs for most the 
variables, but these were neglected in end member mixing. The conservative constituents δ2H, δ18O, 
and Cl were weighted more heavily in end member mixing, as described in WICA2011, to 






Jewel Cave and Wind Cave contain several lakes that are well connected to regional groundwater 
flow in the Madison aquifer. Five hydrogeologic domains were classified on the basis of multivariate 
analysis for the area encompassing Jewel Cave and Wind Cave. The Artesian 1 and Artesian 2 
domains represent primarily artesian springs and surrounding groundwater, the East and West 
domains represent the Madison and Minnelusa aquifers on the eastern and western sides, 
respectively, of the southern Black Hills, and the Precambrian domain represents the Precambrian 
aquifer. Multivariate analysis distinguished the hydrochemistry of Jewel Cave from that of Wind 
Cave and indicates that water in both caves has compositions similar to the surrounding groundwater 
in each respective area. Jewel Cave and Wind are within the West and East domains, respectively, 
and have distinctly different hydrochemical signatures. For four of the domains, the largest 
contribution was from the end member corresponding to that domain. For the East domain overall, 
the largest contribution was from the Precambrian domain. The Precambrian domain also was the 
largest contributor for four of the seven sites inside of Wind Cave. These results are reasonable 
because a large source of recharge to the East domain is from sinking streams that drain Precambrian 
rocks. Results of end member mixing indicate that the largest contribution to samples from the Jewel 
Cave area was dominantly from the West domain end member. Groundwater from Jewel Cave and 
surrounding area probably flows to the southeast toward the southern extent of the Black Hills as it 






Alexander, E.C., Davis, M.A., and Alexander, S.C., 1989, Hydrologic study of Jewel Cave and Wind 
Cave—Final report: University of Minnesota Report 0645–5647, Contract CX–1200–S–
A047, 196 p.  
Back, Jennifer, 2011, Geochemical investigation of the Madison aquifer, Wind Cave National Park, 
South Dakota: Natural Resource Technical Report NPS/NRPC/WRD/NRTR—2011/416, 50 
p. 
Back, William, Hanshaw, B.B., Plummer, L.N., Rahn, P.H., Rightmire, C.T., and Rubin, M., 1983, 
Process and rate of dedolomitization—Mass transfer and 14C dating in a regional carbonate 
aquifer: Geological Society of America Bulletin, v. 94, no. 12, p. 1,415–1,429.  
Bakalowicz, M.J., Ford, D.C., Miller, T.E., Palmer, A.N., and Palmer, M.V., 1987, Thermal genesis 
of dissolution caves in the Black Hills, South Dakota: Geological Society of America 
Bulletin, v. 99, no. 6, p. 729–738. 
Carrera, J., Vázquez-Suñé, E., Castillo, O., Sánchez-Vila, X., 2004, A methodology to compute 
mixing ratios with uncertain end-members: Water Resourses Research, v. 40, no 12, p. 1–11. 
Christophersen, N., and Hooper, R.P., 1992, Multivariate analysis of stream water chemical data; the 
use of principal components analysis for the end-member mixing problem: Water Resources 
Research, v. 28, no. 1, p. 99–107.  
Davis, J.C., 2002, Statistics and data analysis in geology (3d ed.): Hoboken, New Jersey, John Wiley 
and Sons, Inc., 638 p. 
Ford, D.C., Lundberg, J., Palmer, A.N., Palmer, M.V., Dreybrodt, W., and Schwarcz, H.P., 1993, 
Uranium-series dating of the draining of an aquifer—The example of Wind Cave, Black 
Hills, South Dakota: Geological Society of America Bulletin, v. 105, no. 2, p. 241–250. 
Fritz, P., Cherry, J.A., Weyer, K.U., and Sklash, M., 1976, Storm runoff analyses using 
environmental isotopes and major ions, in Interpretation of environmental isotope and 
hydrochemical data in groundwater hydrology: Vienna, International Atomic Energy Agency 
(IAEA), p. 111–130, ISBN 92-0-141076-X.  
Heakin, A.J., 2004, Streamflow and water-quality characteristics for Wind Cave National Park, 
South Dakota, 2002–2003: U.S. Geological Survey Scientific Investigations Report 2004–
5071, 68 p. 
Hortness, J.E., Driscoll, D.G., 1998, Streamflow Losses in the Black Hills of Western South Dakota. 
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